Abstract: Terahertz plasmonic crystals of several periods are formed from a GaAs/AlGaAs 2D electron gas. The coupling between defect and crystal surface states known as Tamm states induces a transparency in the plasmonic crystal band gap.
Introduction
Two-dimensional electron gas (2DEG) based plasmonic structures have recently attracted significant attention, both in III-V based heterostructures [1, 2] and in the rapidly emerging graphene material system [3] . The 2DEG can be interpreted as a plasmonic waveguide where an applied electric field controls the 2DEG kinetic inductance [4, 5] . In this work, we tune a GaAs/AlGaAs 2DEG to produce optoelectronic devices that monolithically integrate a terahertz (THz) 2D plasmonic detector and a spatially inhomogeneous 2DEG structure. When the inhomogeneity is periodic, a one-dimensional finite plasmonic crystal is formed [1, 2, 6] . These devices allow for electronic detection of crystal surface states, known as Tamm states [6] , that when coupled to defect states induce a transparency in the plasmonic crystal band gap. Our results are a proof-of-principle demonstration of in-situ engineering of both the device functionality and plasmonic crystal band structure. 
Results
The integrated 2D plasmonic crystal device in Fig. 1 (a) is based upon a three gate high electron mobility transistor (HEMT) fabricated at the vertex of a broadband THz antenna. The gates labeled G1, G2 and G3 are each controlled independently by an applied DC voltage. G3 is biased beyond threshold to deplete the HEMT channel. This depleted region of 2DEG functions as a plasmonic detector that converts the THz plasma waves to a DC signal measured between the HEMT Ohmic contacts. G1, which has four stripes of metallization, and G2, with a single stripe, independently modulate the 2DEG inductance below their respective gate terminals. The stripes of metallization are approximately 2 m wide, spaced by approximately 2 m. As shown in Fig. 1 (b) , the regions below G1 and G2 form a periodic 2DEG system where the 2DEG kinetic inductance L k is spatially modulated and scales inversely to the gate-tuned 2DEG density as L k ~ 1/n 2DEG . The 2DEG kinetic inductance is shown schematically with V G2 < V G1 < 0, and the region below G2 can be regarded as a crystal defect. The band structure of an infinite plasmonic crystal under typical G1 bias conditions is shown in Fig. 1(c) , and it can be seen that the lowest band gap (highlighted by an arrow) forms between 200 and 250 GHz.
In Fig. 1 (d) , the four-period crystal below G1 is be tuned independently of G2, a 'defect' adjacent to the crystal, and the DC photoresponse is measured with 225 GHz excitation and T = 8 K. Repelled crossings between plasmonic eigenstates (orange) of the system are observed near V G1 < -1.25 V. By calculating the crystal-defect system eigenmodes, shown in orange in Fig. 1 (e) , using a plasmonic transmission line transfer matrix formalism [1, 6] , the origin of these features indicative of strong coupling is clarified. Coherent interaction between weakly localized Tamm states, which in a crystal without a defect would appear as a vertical line of modes in the plasmonic band gap (shown in black), and a defect mode below G2 produces the anti-crossings.
Discussion
This Tamm-defect state coupling is a novel type of plasmonic electromagnetically induced transparency [7] . In general, a Tamm state evanescently decays into the crystal bulk and, in our structures, is weakly optically active. By analogy, the Tamm state can be considered a 'dark' resonance of the system. However, when the resonant frequency of the defect is matched to that of the Tamm state, they couple across the bulk of the plasmonic crystal. This leads to a pair of weakly split eigenmodes with symmetric and anti-symmetric voltage distributions, as shown in Fig. 1 (f) . The mutual coupling of the defect and Tamm states perforates the crystal band gap and allows for propagation of energy through the bulk of the plasmonic crystal.
In the devices studied, the plasmonic crystal and detector are induced in-situ from an approximately homogeneous 2DEG. Thus, the plasmonic band gaps can be tuned to desired frequency bands from below 100 GHz to at least 1 THz in a single device. This allows for precise, active control of the plasmonic crystal dispersion across its full operational bandwidth, and, more specifically, novel and useful effects such as slow light that occur at the band edges. Additionally, the crystal unit cell is deeply subwavelength, similar to a metamaterial, yet the plasmonic structure fundamentally behaves as a photonic crystal rather than an effective medium. The relative size of these devices as well as their wide tunability via a DC field effect makes them potentially suitable as plasmonic components in monolithically integrated THz photonic circuits.
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